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AUTHOR'S PREFACE, MAY 1965

The author welcomes the reprinting of this work for distribution by
the Office of Naval Research.

This work was completed in December 1964 and has since been favourably
received by examiners appointed by the University of Queensland,

The main results have now been accepted for publication in the
Australian Journal of Physics, under the title "Backscatter of 16~Mc/s
Radio Waves from Land and Sea." A Research Note entitled "Ground Back-
scatter and the Ionosphere'" is to be submitted to the Journal of Atmo-
spheric and Terrestrial Physics. Both of these articles contain material

which corrects and enlarges upon sections of this thesis.
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23 ... sounder. However, tilts in the ionosphere may

allow the low angle rays to reach the scattering
area at high angles,

190 10 ... AP-13, 179,
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ABSTRACT

At 16 dc/s, the backscatter coefficient for sea is
found to be 10 dB higher than for land for angles of ele-
vation between 250 and 150, At iower angles there is a
knee effect, and the backscatter coefficient decreases very
rapidly, The knee angle is lower for sea than for land,

For a given surface, and at angles above the knee, the var-
iation of backscatter coefficient with elevation angle is
consistent with the type of scatter expected from upright
objects such as trees or wave crests, and the fading of the
echoes is ascribed to the Doppler movement cf these objects,

The frequency of observation of Sporadic-E by back-
scatter sounding is strongly influenced by whether the back-
scatter occurs on the land or on the sea., Sporadic-E itself
appears to be uniformly distributed.

In observations of F region propagation by the back-
scatter technique, the nature or the terrain should be taken
into account, This is particularly important in the case of
trans-equatorial one-hop propagation,

The experimental procedures developed here include a
new method of measuring the vertical radiation patterns of
large high frequency antennas, a computer program to calcul-

ate the power of backscatter echoes, and the application of

11



vertical incidence data to oblique propagation, New insights

are gained into the interpretation of backscatter records,
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BACKSCATTER OF RADIO WAVES FROM THE GROUND

1, INTRCDUCTION

Ground backscatter is the process by which high fre-
quency waves are scattered at the ground, so that some of
the energy goes back along its original path to the trans-
mitter, This process is used in oblique incidence sounding
of the ionosphere, A pulse of radio energy may undergo
backscatter at the ground after one or more hops via the
ionosphere, and the time the echo takes to return is a meas-
ure of the range at which backscatter occurs, The various
uses of backscatter sounding are outlined in PETERSON (1954),

Celculations of the strength of backscatter echoes have
been hampered by the lack of information about the back-
scatter coefficient, This coefficient is a parameter sim-
ilar to the radar cross-section per unit area, Its relation
to other parameters will be considered in Chapter 4,

The composition and roughness of the graund where
backscatter takes place may be expect~d to influence the
bauckscatter coefficient, An understanding of the variation
of the backscatter coefficient with elevation angle and type
of ground is essential to the correct interpretation of back-

scatter records, and is the main concern of this proiject,
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(a) Variation with angle of elevation :- For a given
backscatter sounder, a particular type of echo is not norm-
ally detectable beyond a certain maximum range, and this
range may be determined by the angular variatioua in the back-
scatter coefficient, A knowledge of this variation facil-
itates the identification of echo types and the recognition
of anomalous behaviour of such types, This will be discussed
with special reference to Sporadic-E echoes,

(b) Variation with type of ground :- Neglect of any
variation with ground type may result in misleading conclus-
ions on the nature of the ionosphere in certain directions,
For example, as a result of backscatter observations, it has
been thought that ES occurs more frequently over the sea
than over the land (EGAN and PETERSON, 1961, 1962), and that
transequatorial one-hop propagation occurs preferentially to
the north-east of Brisbane rather than to the north-west
(THOMAS, 1962),., Knowledge of the backscatter coefficient
may causc these conclusions to be modified,

In the present investigation, the 16 Mc/s backscatter
sounder at Brisbane was used (THOMAS and McNICOL, 1960a,
1960b, 1962), It consists of a rotating array of four
horizontally-polarized Yagi antennas mounted half a wave-
length above the ground (Fig., 1), The antennas were directed
to the cast and to the west, to obtain echoes from the seca
and the land in turn, Rectangular pulses of 600 microseconds

duraticn were transmitted, at a peak power of 5 kW, Back~
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Wige. 1s 16 lc/s rotating array.
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scatter echoes were recorded on a range —amplitude display,
by the use of a swept-gain unit. As the recording film
moved slowly past the brightness-modulated oscilloscope trace
the echo intensity in dB was plotted against the oblique
range of the echo,

For comparison with these range—amplitude records, the
range—amplitude relationship was calculated, assuming the
backscatter coefficient to be independent of the angle of
elevation of the rays, The calculation involved ionospheric
parameters, estimated from vertical incidence soundings at
Brisbane, and the vertical radiation pattern of the antenna
array, measured by means of a balloon-borne transmitter,

The results of the calculapions were compared with the
corresponding observed backscatter records to deduce the
relative backscatter coefficient at the calculated angle of

elevation,



2. PREVIOUS WORK

2.1 Variation with angle of elevation

DIEMINGER (1951), experimenting at Lindau between 1 and
20 Mc/s, found that the echo amplitude decreases rapidly with
range, and reasoned that this could only occur 1if the back-
scatter coefficient depends mainly on the number and areas of
surfaces larger than a wavelength, As such areas usually
have a very small angle of tilt, che backscatter coefficient
should decrease very rapidly as the angle of elevation
decreases,

SHEARMAN (1961) at Slough recorded 15 and 21 Mc/s back-
scatter echoes on a range—amplitude display, For comparison,
he calculated the echo patterr, neglecting any angular depend-
ence of backscatter coefficient, and making other simplafyving
assumptions, and found fairly good agreement with observat-
ions, In reply to discussion he stated that the major unknown
was the variation of backscatter with the angle of incidence,
and that this could only be measured satisfactorily from an
aircraft, Meanwhile, NIELSON et al, (1960) published some
results of measurements made with an airbtorne radar, They
pointed out that when ground-based backscatter sounders are
used to find ground backscatter parameters, at least two 1ion-

ospheric reflections are involved, and the precise nature of
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these reflections cannot be determined. To avoid these ion-
ospheric reflections, they installed a 4 kW backscatter radar
operating at 32,8 Mc/s in an aircraft, which was flown over
California, the Pacific Ocean, Alaska and the Arctic Ocean,
Echoes were recorded on an A-scope display, and compared with
echo strengths calculated on the basis of a constant back-
scatter coefficient of one, The ratio of the obsverved to the
calculated values was taken as a measure of the backscatter
coefficient, They constructed curves of backscatter coeffic-
ient against angle of elevation from 60° to 40, showing a
slope of about 0,6 dB per degree for horizontally polarized
waves, At angles telow 200, the slope was greater than 0,6
dB per degree for ice, and less than 0,5 (or desert, The
antennas, which were attached to the nose and tail of the
aircraft, were difficult to calibratce accurately, as the cal-
ibration had to be done while the aircraft was in flight,
using a recciver on the ground, It was difficult to Kinow
the aircraft's position and orientation during the calibrat-
ion, and the overall errors amounted to perhaps 6 dB (NIELSON
et al, page 34, crrata), and thereforec 12 dB for transmission
and reception,

HAGN (1962) analysed tne work of NIELSON et al, (1960).
l'le published a r1evised sct of curves for the backscatter
coefficient, He rejected results below angles of 10° for
sea and 200 for land, because at lower angles the curves

show a "knee'" effect (HAGN, 1962, p.8 and p.85) where the



backscatter coefficient decreases very rapidly, This knee
did not always occur at the same angle, even for the same
terrain, Further, the presence of mountains at the horizon
often made it impossible to assume that the ground was uni-
formly rough for rays ncar the tangent ray. Towards higher
angles of elevation, the backscatter coefficient increased
rapidly for horizontal polarization (about 1 dB per degree),
but decreased very slowly for vertical polarization (about

-0.,1 dB per degree),



2,2 Variation with type of ground

VILLARD and PETERSON (1952a, 1952b), at 3-30 Mc/s,
found no noticeable change in echo amplitude from land to
sea, They suggested that, unlike u,h,f,{300-3000 Mc/s)
echoes which doc show some change, h,f,(3-30 Mc/s) back-
scatter echr=2s involve comparatively long wavelengths and
comparatively enormous echoing areas, Both these factors
would tend to prevent any discrimination between land and
sea in backscatter records,

DIEMINGER (1951), while observing backscatter echoes
at 1-20 Mc/s swept frequency, identified an echo group which
remained at almost constant range, in contrast to the group
associated with the skip focusing area, which was varying in
range. The range of the fixed group corresponded to back-
scatter from the Northern slopes of the Alps, SILBERSTEIN
{1954) , using 3-25 Mc/s swept frequency backscatter, {ound a
similar group of echoes constant in range, thought to be due
to the Rocky Mountains, McCUE (1956) found that at angles
of elevation near 30° land is a morec prominent source of
backscatter than sea, for frequencies near 6 Mc/s,

SHEARMAN (1956b) reported that observations at Siough
between 10 and 27 Mc/s confirmed the lack of dependence on
terrain found by VILLARD and PETERSON, He considered that
this was surprising, in view of the large difference between
sea and land echoes noticed with airborne centimetric radar

equipment, He suggested that any differences are masked by
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the large variations in echo amplitude introduced by the ion-
osphere, In the discussion following this paper it was
pointed out {by W. R. Piggott) that the ordinary countryside
is quite rough from the radio point of view, and that a moun-
tain is not necessarily a better echoing object than the
ground as a whole, The only cases which have been reported
of abnormal backscatter from distant mountain masses are
those for which the phase of the reflected wave is held con-
stant over a wide area, so that we have a cohereni mirror-
type reflection, For example, the ionospheric station at
Lindau 1s almost at the centre of curvature of the Alps, and
frequently receives an abnormal echo coming from that arc,
The beginning of the Alps forms a sort of curved mirror, and
while the mountains themselves do not contribute much, the
gradual rise at their beginning does, In contrast, no echo
from the Alps was rececived at Slough,

SHEARMAN considered vertically polarized waves, and
developed a model for the scattering source, namely a system
of hemispherical bosses on a perfectly conducting ground, and
found that a densaity of about 1000 bosses /km2 could account
for the observed strength of a backscatter echo from a ground
range of 670 km West of Slough, that is, from the Atlantic
Ocean, In the discussion it was noted that these scattering
sources would be common for average se¢a conditions, and a
serious decrease in scattering would only be expected for

exceptionally calm conditions, SHEARMAN concluded the dis-
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cussion by stating that therc¢ was a clear need for a thorough
investigation of the relative amplitude of scatter from land
and sea, and that the direct measurement {rom an aircraft of
the scattering properties of various types of terrain at
these wavelengths would provide much useful evidence,

WILKINS and SHEARMAN (1957) reasserted the view that,
in gencral, tcrrain effects tend to be masked by much larger
variations of echo strength due to the variable efficiency
of the i1onosphere as a propagation medium, They added that
with the wide beams in use with rotating aerials, azimuthal
resolution of geographical features is unlikely to be pract-
icable, SHEARMAN (1961) said that the variation with the
type of ground appcars surprisingly small, and that the only
objects which have so far been identified are large mountain
ranges,

RANZI and DOMINICI (1959), although using a wide beam
obscrved that 22,3 Mc/s backscatter echoes from continents,
and ecspecially from the Sahara Desert, have a considerably
lower intcensity than those from the sea, They suggested a
difference of about 10 dB between land and sea, DOMINICI
(1962, 1963) qualified this by rcemarking that the intensity
distribution of echoes was influenced by the variation in the
vertical radiataion pattern of the antenna, owing to the vary-
ing topography around the antenna,

NIELSON ¢t al, (1960) found that for horizontal polar-

1zation, and at 32,8 Mc/s, the backscatter coefficient for
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desert was about 6 dB less than that for smooth ice or sea
at angles of elevation above 300, but that at about 10°
desert gives stronger backscatter thaa sca, Vertical pol-
arization gives stronger return than horizontal from sea,
but land is indifferent to polarization, As the roughness
of the sea increascs, polarization effects become less not-
iceable,

HAGN (1962), in revising the results of NIELSON et
al,, found that for both horizontal and vertical polariz-
ations, the backscatter coefficient for land is about 20
dB below that for sca, Owing to the uncertainty concern-
ing the knee in the curves, no comparison could be made at

o
angles lower than 207,

2,3 Summary

After many years during which ground-based sounders
found no difference between sca and land scatter, one ex-
ception emerged in which che sea appeared to give stronger
backscattoy,

The widely publicized need for aircraft measurements
of the backscatter coefficient has been fulfilled, and the
recsults show two major effects, the existence of a knee in
the curve of backscatter coefficient against elevation
angle, and the predominance of sca scatter strength over
that ot tand scatter, However, only comparatively smooth

surfaces were considered, Also, the calibration of air-
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borne antennas proved to be quite difficult and the results

may contain large crrors,
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3, THE RELATIONSHIP OF THE PRESENT
INVESTIGATION TO PREVIOUS WORK

The present work concerns elevation angles from about
7o to 300, and the polarization at the echoing area is ellip-
tical and variable, owing to Faraday rotation in the ionos-
phere,

Concerning the variation of the backscatter coefficient
with angle of eclevation, the knee effect has been discovered
independently of HAGN (1962), and thc angle at which this
occurs has been investigated for the terrain types available,
For angles above the knee, the coefficient decreases, and
this trend agrces with HAGN's results for vertical polarizat-
ion,

The variation with the type of ground is quite marked,
and the present work indicates that for land, the backscatter
coefficient is about 10 dB less than for sea, This supports
the observations of RANZI and DOMINICI (1959)., For low
angles, HAGN's reappraisal of NIELSON et al, has removed the
most serious disagreement with the present work,

Tne method used here has certain advantages over prev-

ious methods,

(a) Narrow Azimuthal Beam,

1 € i n e 1s narrower n 1 vious in-
As the aatenna beam a than n re o
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investigations, there 1s less azimuthal spread of the rays in
the ionosphere, and therefore the ionospheric parameters in
the path of the rays can be estimated more precisely,

(ii) The minimum group range of a backscatter echo serves

as 2 guide to the ionospheric configuration at the control
point, and this range is well defined when the antenna beam
is narrow,

(1i1) Owing to the narrower beam, it is easier to discrimin-
ate between different areas of the ground from which back-
scatter 1is received,

(b) Vertical Radiation
PPattern of Antenna,

(1) A ground-based antenna is easier to calibrate than an
airborne antenna,

{1i) Changes in the topography near the antenna can be taken
into account, so that the variations of the vertical pattern

with azimuth are well understood.

(c) Location of the Sounder,

(1) The sounder 1is well placed for comparing land ard sea
backscatter, as the land and sea extend without interruption
for several thousand kilometers to the west and east
respectively,

(1i1) It is particularly easy to observe the boundar: between
land and sea scatter, as the coastlines recede almost rad-
i1ally from Brisbane at ranges beyond 500 km,

(1i1) The absence of noise such as that due to aircraft
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engine ignition facilitates good recording of echoes,

(d) Applicability of Results,

(1) The polarization of the waves at the echoing area 1is
typical for operating conditions of backscatter sounders,
therefore the backscatter coefficient derived here should be
more applicable to normal backscatter sounding than that de-
rived from airborne experiments.

(1i) The frequency used here (16 Mc/s) is typical for back-
scatter sounding, whereas the results obtained at higher
frequencies cannot confidently be extrapolated to this reg-
ion.

(11i) The echoes muy include returns from many large topog-
raphical features, as the echoing area is large, In con-
trast, aircraft measurements involve a much smaller sample
of terrain, and therefore comparatively smooth surfaces only

were selected (HAGN, 1962).,
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4., DISCUSSION ON THE BACKSCATTER COEFFICIENT

4,1 Definitions

Backscatter coefficient

The radar equation is of the form

6G2 p A2
p . o™ (CLAPP, 1946; SHEARMAN, 1956b;

R (4H)3 R4

COSGRIFF et al,, 1960; MNIELSON et al,, 1960),

where Po = power transmitted
PR = power received
R = range of target
G = antenna gain

radar cross-section

= 47N, Power scattered per unit solid angle
Power incident per unit area

(NIELSON et al,, 1960),

A parameter commonly used in radar 1is 06, the radar
cross—-section per unit areca of tne surface,

The backscatter coefficient ¥ (COSGRIFI et al., 1960)
1s related to ﬁo' and i1s the radar cross-section per u:,it
arcea normal to the direction of propagation at the scatter-

ing area (HAGN, 1962).

For an element of scattering area, the incident rays
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arc nearly parallel, and Fig. 2 illustrates the relationship

between Y and Oo. Let

A = angle of elevation of the rays
Y = % - A = angle of incidence
AS= area ot scattering surface
A = AssinA = area projected normal to
the rays = "incidence area"
g
Then 00 = A
s
g JA o) )
and Y SRR = 9.8 = —C or — 9.
An An sin A cos ¢ °

NIELSON et al,{1960) and HAGN (1962) use the symbol
o = j . SHDARMAN (1956b) uses the symbol A_ = O_. The
parameters Y, P, Oo and Ao are independent of the radar par-
ameters such as transmitted power, pulse width, antenna

pattern and receiver gain, They depend only on the terrain

and the angle of elevation,

Isotropic scatter

It energy is scattered uniformly into the space avail-
able the scattering 1s called isotropic. For isotropic
scattering into the hemisphere above the scattering surface,
Y is constant for all angles of elevation. If all the in-
cident c¢nergy 1s scattered 1in this way, Y = 2 and p = 1,

To show this, let

jge]
1

power scattered
P power incident

d6 - element ol azimuthal angle



Fig. 2. Rays falling on element of scattering area.
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Fig. 3. Quasisvecular scatter from suitably
inclined surface.
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dQ = element of solid angle,
= dba B ,
From the definition of O,
dFg
~ daQ
0= 4T B /A g
i’s
; . P g
Therefore, dPS T ASdQ

D,
= a5 Ysin AdMO.

If energy is scattered uniformly into the volume above the

surface,
= —— / 3
total PS G Y j ) sin AdAdO
0] 0]
=) %pl Y.
If P_ =P, Yy = 2,
Some workers, for lack of information abouty , have

assumed isotropic scatter (SHLARMAN, 1961; THOMAS and
McINNES, 1962), and others, when investigating y, have
assumed it constant for comparison with experimental results
(CLAPP, 1946; COSGRIFF et al, 1960; NIELSON et al, 1960),

An c¢xception is SHEARMAN (1956b), who assumed AO constant,

Relative backscatter coefficient

The present work concerns the relative backscatter
coefficient, To find the absolute backscatter coefficient,
it 1s necessary to find absolute values of the radar para-

meters, but that 1s to be dealt with i1n another project,
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The relative backscatter coefficient does, however, make
possible a comparison of backscatter from different terrains

and at different angles of elevation,

Angular power spectrum

For radar echoes, some authors (EVANS and PETTENGILL,
1963; LYNN et al,, 1964) use the parameter P(¢), the angular
power spectrum, which is defined as the angular distribution
of echo power per unit arca of surface, It is the angular

part of Oo.
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4,2 Laws of illumination antl emission

In the formulation of echo power, use is made of the
following laws, which apply to a unit element of surface

area, that is, for the case when AS=1, and hence

An= sin A = Cos ¢ .

Let F = incident flux.

Cosine law of illumination

il
m
>

Power incident on unit element of surface

W

¥ cos ¢ .

Lambert's cosine law

The flux emitted from a unit element of surface is the
ssame 1n all directions,
Hence, power emitted in any direction from unit area

of surface = (emitted flux) . A

n

(constant) ., cos @

For the echo power, the above laws are combined, so

9
that P(g) = cos” ¢

Lommel-Seelinger law

For ‘dffPuse peflectdon, Bl(, 8 ) = 250 0 o
cos ¢ + cos(
where 6 = angle of c¢mission. For backscatter, 6 =¢ ,
hence P(y) = cos ¢

Specular scatter

If ¢ = O, the above laws reduce to P(p) = 1,



For some surfaces, thic may hold even when ¢ 1is not
zero, ¢ 1s the angle between the ray and a line normal to
the mean level of the terrain, and Fig.3 shows that even if

¢ is not zero, the local angle of incidence ¢ ' on any
given scatterer may be zero. For example, if a surface is
covered with hemispheres, P(¢) does not vary with ¢ , since
provided the radius a is greater than O,2 A , oo is approx-
imately equal to 7t a2 for each scatterer, This type of
specular scatter from suitably orientated surfaces of suff-
icient extent is referred to as "semispecular'" or ''quasi-
specular'" scatter,

The relationship of Yy and C,
to the scattering laws

P(y) is the angular part of Oo, 50

o> Y cos @ .

If OO is independent of ¢, P(¢) 1is constant, thart is,
specular type.

If v is independent of ¢ (i,e, isotropic scattering),
P{p) o< cos ¢ , that is, Lommel-Seelainger scaltering.

Table 1 gives a summary of the laws:



TABLE 1

SUMMARY OF SCATTERING LAWS

: . GCo

Scattering Law P{¢) or Oo Y = Toe 0
2

Lambert X cos ¢ &« Ccos @

Lommel-Seelinger X cos ¢ Z constant

Specular s constant x> 1/cos ¢

The use of the scattering
laws 1in the present work

The calculations follow the method of SHEARMAN (1956b),

with one difference. He assumed AO constant; here Vv is

assumed constant,

’

In SHEARMAN, we find the equivalent of dP ¢C AO 4aS

where dP = power returned from an element of ground area dS,

and Ao = Oo' AO was taken as the radar cross-scction of n

hemispherical bosses per unit area of the ground, which 1is
n na® (a = radius of boss), independent of ¢

In the prescnt work, Ao has been replaced by y sin A
As a first assumption, Vv is taken to be independent of A .
This brings the presentation into line with NIELSCN et al,
(1960), HAGN (1962) and COSGRIFF et al, (1960), and there-
fore the results will be easily comparable with thears,
The difterence between obscrvations and calculations will

be a measure of the deviation of the backscatter coefficient

Y from 1isot-opic scattering.
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4,3 Attempts to find Y theoretically

The usual approach 1s t» assume a statistical model
of the surface and derive an expression for Yy that depends
on ¥ and the wavelength A , and on the statistical para-
meters assumed, such as the distribution of heights of sur-
face irregularities and the auto-correlation coefficient of
the irregularities across the surface, The classical work
in this field is by DAVIES (1954, 1955), and most work sub-
sequent to his merely alters the statistics, DAVIES con-
sidered a statistical model of a surface with height z
following a Gaussian distribution with standard deviation T,
For radiation scattered from a "slightly rough" surface
(z and o <& A), he deduced that the radiation can be div-
ided into a coherent and an incoherent component, For the
latter, P(9) = Cosgtp, which corresponds to Lambert's Law,
For a "very rough'" surface (0 > A), DAVIES had some succ-
¢ss 1n predicting the sca clutter of centimetric radar from
Q= 0” to 300. His treatrnent failed to predict P(¢Q) near
¢ =71 /2, which would be cf greater 1interest,

KATZ and SPETNER (1958), quoted by COSGRIFF et al.
{1960), producecd a theory for angles ncar grazing, The
theory takes account of the fact that there 1s a tendency

for scatter to be specular in type, from upright objects

such as tree trunks, Their result is of the form
Y oC 1 3
cos ¢ { A + cos“ @)

which, depending on the value of A, will be between 1/ cos ¢
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and 1/ cos3 @ . An experimental result given by KATZ and

SPETNER (1960) is of this type. A similar theoretical re-
sult was derived by PEAKE (1957a, 1957b, 1958); it applies
to a model consisting of vertical cylinders, and for ¢ near
/2, A > cos? ® , soy o2 1/ cos Q .

The usefulness of a statistical approach is doubtful,
HAGN (1962) held the view that no simple mathematical model
would suffice to describe the actual pnysical process,
COSGRIFF et al, (1960) pointed out that even with satisfact-
ory theoretical models, there would be no unique way of ass-
ociating a given type of terrain with one of the models,
The theories do, however, give some idea of the ways in
which y might be expected to vary with ¢ ., It is to be
expected that different types of surfaces and different
radio wavelengths will give rise to laws ranging from
Lambert to various forms of specular, and Y will corres-

pondingly depend on powers of cos ¢ ranging from 1 to -3,

4.4 Summary

The backscatter coefficient is a parameter saimilar to
the radar cross-section per unit area, and is related to it
by the expression Y = “0/cos<3. For isotropic scattering,
Y 1s constant, and in the present work this is assumed in
the calculations, so that the difference between observat-
ions and calculations will be a measure of the deviation of
y from isotrepic scatterang. Theoretical considerations
suggest angular dependencies ranging from ¥ X cos ¢ to

Y wc 1/ coqsw .
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5, SPECULAR AND DIFFUSE ECHOES

Specular and diffuse echoes correspond to the coher-
ent and incoherent components derived theoretically by

DAVIES (1954, 1655).

5.1 ECEvidence from lunar echoes

Various authors (BRCWN, 1960, HAGFORS, 1961, WINTER,
1962) consider that the total lunar return at any instant
cf time is composed of two components, which are the result
of two general types of terrain features, The specular com-
ponent arises from an area where ¢ =0, or from a large-scale
irregularity giving a coherent echo such that @ is effect-
ively zero, The diffuse component is predominant as ¢
approaches 900, and follows a law such as P{y) fx:cos2 )
{PETTENGILL, 1950) or cos ¢ (LVANS and PETTENGILL, 1963,
LYNN et al., 1964), or some intermcdiate law such as cos
3/2¢ (BROWN, 1960, EVANS and PETTENGILL, 1963}, The diff-
use component s presumably due to a small-scale roughness
superimposed on the large-scale structure (HAGFORS, 1961),

The relative importance of specular and diffuse com-
ponents depends on the wavelength, At optical wavelengths,
the moon 1s a completely diffuse scatterer, Moon radar ex-

periments (LYNN et al,, 1964) show that as the wavelength
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is increased from 8 mm to 68 cm, the diffuse component be-
comes weaker relative to the specular component, As might
be expected, the longer waves are insensitive to the small-
scale irregularities, The specular component, which at 8 mm
is predominant only for ¢ close to zero, becomes predominant
at longer wavelengths for values of ¢ up to 500. While it
is risky to extrapolate this trend to higher values of ¢ at
yet longer wavelengths, it is tempting to predict that at

16 Mc/s (A= 18.75 m) the specular component of lunar echoes
would predominate at all angles, Recent work by DAVIS and
ROHLFS (1964) at wavelengths between 11m and 22m confirms

the virtual absence of any diffuse component,

5.2 Terrestrial echoes at u,h,f,

COSGRIFF et al, (1960), using wavelengths near 1 cm,
found that for surfaces such as grass, that appeared rough
in terms of A, y was fairly independent of incidence angle
between 10° and 800_ This corresponds to a predominance of
the diffusc component, For a smooth surface such as a con-
crete road, Y decreased by as much as 25 dB (COSGRIFF et al,
page 43) when A varied from 800 to 100, indicating a de-
crease 1in the diffuse component. A longer wavelength would
have the same effect as a smoother surface (neglecting
changes in dielectric constant), It might therefore be ex-
pected that at longer wavelengths, the diffuse component of
ground scatter will be small, and therefore the c¢cho will

depend mainly on dirregularities contributing specular type
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returns,

5.3 Terrestrial echoes at h,f,

NIELSON et al, (1950, page 2) assumed specular echoes
to be negligible except near vertical incidence, although it
was noted that W. S. Ament believed tnat there is a trans-
itional range between specular {at vertical incidence) and
diffuse (at grazing incidence) (BLAKE, 1950), The subse-
quent report (HAGN, 1962) admitted that a large return could
come from a combination of specular and diffuse components;
no attempt was made to distinguish betwecen them, apart from
cases where mountains and coastlines gave obvious specular
enhancements, Such cases were not used to determine p ,
and only smooth surfaces such as flat deserts and icefields
were studied, If we combine HAGN's results for horizontal
and vertical polarizations, we find that for mixed polariz-
ations there 1s a marked decline in p as A varies from 50°
to 200, indicating a weak diffuse component. In addition,

a knee eoffect cuts off the echo at still lower values of A,

In the present work, the knee effect is also observed,
Above the knee, however, Y increases as A decreases from 30°
to 100. This 1ncrease cannot be due to a diffuse component
alone, since for diffuse scattering ¥y shculd be constant
(Lommel-Seelinger) or vary as cos ¢ (Lambert), but here it
varies approximately as 1/ cusgxo. The conclusion may be
that the echoes are predominantly quasi-specular, The diff-

erence from HAGH's result probably lies 1in the fact that he
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selected smooth surfaces only, for which the specular com-
ponent 1s concentrated near vertical incidence; the present
work involves very large areas with a mixture of many types
of surfaces, the more rugged of which could cause specular

type scattering even at angles near grazing incidence,

5,4 The nature of the irrepularities

If the irregularities arc hemispheres (SHEARNAI,
1936b), we should observe specular type echoes such that
Yo 1/ cos ¢ , but in fact we get 1/ cos2 Y . It is there-
fore considered that the irregularities rcesponsible for the
strong quasi-specular component are more rugged in shape
than hemispheres, and cause comparatively stronger back-
scattering at low angles of elevation, It has been observed
that at low angles, vertically polarized signals are scatt-
ered back more strongly than horizontally pclarized signals
(HAGN, 1962), 1In the present work, with polarization ellip-
tical after reflcection in the ionosphere, it seems likely
that the echo consists of a large quasi-spccular component
due to the vertical component of the radiation at the scatt-
ering sources, superimposed on a much weakcer, and perhaps
negligible, diffuse component.

The theory of KATZ and SPETNER (1958 and also of
PEAKE (1957a, 1957b, 1958) considers scattcrers which are
primarily vertical, such as vertical cylinders, Trees would

vary 1in shape from approximate hemispheres to vertical cyl-

inders analogous to top-~lcaded vertical arntennas, The form-



er would be expected to give y a1/ cos ¢ , and the latter
probtably 1/ cossw, as it resembles the type of antenna most
effective at low angles. An average of 1/ cosgw is consist-
ent with this picture, For the sea, it is likely that back-
scatter arises primarily at the wave crests (KERR, 1951},
The scatterers would then be conical in shape, that 1is, in-
termediate between hemispheres and vertical cylinders, and
again probably consistent with y =~ 1/ cosgw .

In terms of irregularities such as trees and wave
crests, certain phenomena mentioned elsewhere in this work
may be interpreted:

(1) Sea echoes are stronger than land echoes. In general,
the sea 1is rougher than the land, and there are more wave
crests effective in producing backscatter than effective
trees, per unit area,

(11) Sea echoes fade regularly, but land echoes fade in a
random fashion, giving & paichy appearance on the records,
This may be because the wave crests tend to move with a con-
stant velocity, and therefore give rise to a constant Dopp-
ler fading of the echoes, On the other hand, the trees

move to and fro in the wind in a random fashion, so that the
Doppler frequency is never constant, Fading is discussed in
Section 7,2

L . o
{11i) The knee 1in the Y (&) curve occurs at about 13  for
land and at lower angles for sea, Although re-radiation

from a short vertical dipole 1s most effective at low angles
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of elevation, ground losses seriously diminish the radiat-
ion near the grazing angle, Ground losses are greater for
land than for sea, hence the higher knee angle for land,

The variation in the knee angle for sea may be due to var-
iations in the height of the wave crests above the surround-

ing surface. This is discussed in Section 9.4,

5,5 Summary

Table 2 compares the theories and experiments ment-
ioned in this chapter,

Both lunar and terrestrial echoes show a trend away
from diffuse scattering as the wavelength is increased from
1 cm to about JO m, The scattering irregularities at 16
Mc/s are therefore considered to be quasi-specular scatter-
ers, They are probably most sensitive to vertically-
polarized waves, and are probably to be identified with
trees and the crests of sea waves. Such a picture is con-

sistent with other observed features of backscatter c¢choes,



TABLE 2

SUMMARY OF THEORIES AND EXPERIMENTS

Type Y Theory Experiment
Lambert; Optical frequencies,
DAVIES,
Diffuse cos ¢ "slightly
rough',
Wil o3
1 Lommel- LYNN et al.,, diff-
Seelinger. use component of
"isotropic" lunar echoes at
u,h,f,; COSGRIFF
et al.,, rough terr-
estrial surfaces at
u,h,f,
1/ cos @ SHEARMAN | HAGN, smooth sea
hemispheres., and land at 32 Mc/s,
vert, poln, low
angles,
PCAKE |, and Present work, random
5 KATZ &and sea and land at 16
Specular 1/ cos™ ¢ SPETIMER, Mc/s, probably vert,

1/

cCOos

vertical
cylinders,
low angles,

poln., low angles,
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6, ANTENNA CALIBRATION

6.1 Introduction

In the calculation of the power returned in backscatt-
er echoes it is necessary to know the vertical radiation
pattern of the antenna system, The antenna comprised a ro-
tating array of four threc-element Yagi antennas, horizont-
ally polarized., The Yagis were spaced 1,1 A apart and were
designed to produce a narrow azimuthal beam, The height of
the Yagis was 0,47 A above the ground, with the intention
of achieving a broad lobe in the vertical plane with its
maximum at about 25° (THOMAS and McNICOL, 1960a).

The vertical radiation pattern could not be calcul-
atea simply, as the ground was level to only about 100 feet
from the centre of the array (about 1,5 A )}, and also be-
cause the electrical properties of the ground were not
known., The radiation pattern 1in a southerly direction was
measured using a transmitter 1n a helicopter hovering at
selected heights at a distance of 2 km (THOMAS and McNICOL,
1960b), The pattern in a northerly direction was measured
using a transmitter 1n an aeroplane traversing a line to
the north at a series of fixed heights and fixed distances
(THOMAS and McINNES, 1962)., The maximum radiation was found

. . 0 50 °
to occur at an elevation of 35 to the south, and 20" to the
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north, The discrepancy between these results, as well as
tne need for measurements to the east and west, necessitated
a more accurate method,

With a helicopter or acroplane the main e¢rrors arise
in plotting the position of the aircraft during the experi-
ment, The helicopter was not capable of hovering at a con-
stant altitude. The aeroplane did not fly exactly on the
desired course, In both cases theodolite readings of the
position of the aircraft could not be taken at the antenna
site for elevation angles below about 200, as the view was
obscured by trees and haze., The aeroplane was particularly
difficult to track with a theodolite owing to its speed,
These problems were overcome by tethering a balloon at a
range of up to 5000 feet (80 A ), and operating a balloon
theodolite at the tethering point, The height of the ball-
oon was calculated from the amount of tethering line releas-
ed, and when possible this was checked by another theodolite
near the antenna, In calm weather, the balloon remained in

any desired position for long periods,

6.2 Equipment

{a) Balloon. bMeteorological balloons of 300, 500 and 800

g were used, the most suitable being a 500 g ncoprene ball-
oon specially designed for use as a captive (tethered) ball-
oon, The balloon was fi1lled with Hydrogen to a diameter of
6 or 7 feet, that 1s, to a volume of about 150 cubic feet,

This provided a free lift of over 10 pounds; as the balloon,
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transmitter and tethering line weighed abot 4 pounds, the
tension on the tethering line was about 6 pounds, It was
found from experience that a nylon line of 50 pounds break-
ing strain was needed, to allow for wind gusts and braking
during ascent, as well as damage to the line due to snags.
The line was wound manually by means of a heavily-constructed
reel one foot in diameter, Figure 4 illustrates the balloon
and reel, In good weather the balloon could be recovered
after its flight and taken by truck to another site for fur-

ther use.,.

(b) Transmitter, The transmitter is illustrated in Fig,5,

The box contained a 16 Mc/s crystal-controlled oscillator,
modulated by a 130 c/s signal, Fig, 6 shows the miniatur-
ized construction of the circuit, and Fig, 7 is the circuit
diagram, The 9 volt battery shown was capable of operating
the transmitter for several hours. It wes found that after
the first few minutes of operation, the transmitter output
decreased at the rate of about 8% per hour, and this corr-
ection was applied to the data taken during the experiment,
The transmitter was suspended 25 feet below the ball-
oon on a separate line, to allow it to hang free of the
tethering line, and to allow it to rotate about a vertical
axis with the aid of a swivel, The signal was radiated by
a short horizontal dipole of length 1,25 m, As this is
much shorter than a wavelength, its radiation pattern was

assumed to be the same as for an elementary dipole in free
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Fig,

5. Balloon-borne transmitter, showing wind vanes,
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space, that is, radiating i1sotropically in the vertical
plane, and having maximum azimuthal radiation in the broad-
side directions, Two celluloid cones were used as wind
vanes to keep the dipole rotating, and the result was a kind
of turnstile antenna, BRUECKMANN (1963) had a similar idea
when he proposcd that an artificial earth satellite be
equipped with a turnstile antenna for use in calibrating

large antenna systems,

6.3 Recording

The signal was received at the array on the ground,
and the 130 c¢/s waveform was displayed on an oscilloscope,
Earphones were used to aid identification and tuning. The
array was rotated continuously, to ensure that every read-
ing was taken with the maximum of the azimuthal pattern of
the array directced towards the balloon, This rotation took
nearly 4 minutes, whereas the balloon transmitter rotated
about once per second, Twice in each rotation of the turn-
stile antenna, its maxLmum was directed towards the array,
and this maximum was independent of the angle of elevation
of the transmitter with respcct to the receiver, because of
the uniform vertical pattern of the turnstile antenna, The
effect of rotating both antennas was that the fast (2 c/s)
fading of the transmitted signal was modulated by the slow
fading due to the rotation of the array., When the received
signal reached a maximum during any one rotation of the

array, the peak voltage was read from the oscilloscope
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screen,

To allow time for rotation cf the array and for the
winding of the reel, the balloon was raised or lowered at 5
minute intervals, Each new position corresponded to some
new angle of elevation, so new theodolite readings were tak-
en, Theodolite tracking was made possible at night by att-
aching a small 6 volt bulb to the transmitter, with a separ-
ate battery supply. A red globe was used so that the light
could be distinguished from the stars, and the regular
twinkling due to rotation of the transmitter also aided id-
entification, Most of the work had to be done at night to
satisfy aviation regulations, but it was found that at night
the calm atmospheric conuitions were much superior to day-
time conditions, and so night flying was preferred,

Communications between the balloon site and the rot-
ating array were ecffected by means of a radio link from a
truck at the balloon site to a hut near the rotating array,
and thence by underground telephone to the control cabin of
the array, The schematic diagram of Fig, 8 shows this

arrangement,

6,4 Geometry

The range and elevation angle of the pilot transmitt-
er were obtained by graphical construction based on theod-
olite readings and the length of the tethering line. The
length of the line was measured by counting the number of

revolutions of the winding reel, Although the line was sub-
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ject to stretching, it was found that after the first use

of the line no correction for stretching was needed, as the
line was then permanently in tension on the reel and further
stretching was negligible under normal conditions,.

Figure 9 is a scale drawing illustrating the graphical
construction. In the elevation at the right of the figure,
the line length and theodolite elevation were used to give
the height of the transmitter and its ground range from the
reel, This range was then used in conjunction with the
theodolite azimuth to construct the plan and thereby find
the ground range of the balloon from the array. Finally,
this ground range and the balloon height were used to con-
struct the left-hand elevation, from which the range r and
elevation A of the transmitter with respect to the array
were read, The elevation with respect to a second theodol-
ite near the array was also read from the figure, and found
to agree with readings from that theodolite to within lo.

In the figure, the crosses represent positions of the trans-
mitter; the line and balloon are sketched in, and A is in-
dicated, for the highest position only,

Figure 9 is taken from an actual balloon flight, with
the balloon tethered to the west of the array at a point
277° from true north,

Figure 10 shows another flight, with the tethering
point 44° from true north, 7The dots represent positions of

the transmitter, and the numbers represent minutes after
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the hour, the times at which readings were taken at the arr-
ay. Three points represent rcadings taken during descent of
the balloon, the remainder during ascent, The elevations
show heights above ground level at the array, which was 55
feet above sea level, The azimuth of the balloon with res-
pect to the array varied by more than 400, but this did not
invalidate the results, as the ground in a north-easterly
dircection near the array was of fairly constant slope, and
also because the greatest deviation from 44° was for high
angles of elevation, Provided A was less than 200, the az-
imuthal deviation was less than 100. For higher angles the
ground ray was reflected well within the level circle of
radius 100 fecet, so the vertical pattcrn was considered to
be azimuthally invariant above 200.

Table 3 summarizes the main balloon flights,
TABLE 3

BALLOON FLIGHTS

Time of Azimuth Range Max, Max,

Decsignation Date Start Ht , Elev,
(hours) (degrees) (ft) (ft)

N1 28.11.62 0044 1 4900 1200 22°%30°"

N2 4,12.62 29252 355 1940 750 51930

NE 5.12.62 0209 a4 1730 1450 44°00"'

SE 6. 2.63 2248 143 1890 1600 25°%45°!

. 2.63 0212 277 2800 1500 23°00°'
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The aerial photograph of Fig, 11 shows the five sites, The
rotating array appears as a circle in the centre of the pic-
ture, The main topographical feature in the vicinity of the
array is a small creek that flows from the south-west in a
clockwise direction to the north-east, as far as the river
which is itself comparatively unimportant in the formation
of the radiation patterns owing to its greater range,

The ground profiles between the array and the balloon
sites are plotted in Fig, 12, The vertical scale is greatly
magnified, and heights are measured above sea level. The
proximity of the creek on the western side of the array is
particularly apparent,

The Fresnel zone condition requires the range of the
pilot transmitter to be greater than 2D2/ A , where D is the
lateral dimension of the antenna (BRUECKMANN 6 1955; KEAY and
GRAY, 1964), The horizontal length of the array = 3.8 A ,
S0 2D2/ A = 1728 feet, For the five balloon flights, the
balloon was tethered at ranges greater than this, although
on one occasion, N2, the balloon was blown to half this
range by the wind. The measured vertical pattern may there-

tore be in error for the higher angles of elevation in this

instance,

6.5 Results

G(8), the antenna power gain, was obtained as follows,

P(A) o¢ G(A) / r?

’



Pig, 11,
Loggill, and environs, Arrows indicutc sites at which
the balloon was .ethered.

Aerial nhotoszranh of Radio Researcn Station,
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[}

where P(4) power received at the array

G(A) = antenna power gain

r = oblique range of pilot transmitter,
But P o 52,
where S = signal strength received (in volts),

Hence, G(A) < S2 r2,

For the five flights, G(A) was plotted against A , and
for comparison the five curves were normalized at the maxi-
mum of the main lobe, which occurred at about 25°, The re-
sults are presented in Fig, 13, giving G in dB relative to
the gain at the maximum of the lobe, Also shown is a curve
obtained by measuring the pattern of a model Yagi at v,h,f,
(A.R.R.L.,, 1956, Fig, 4——55) ., The model was of similar
proportions to the Yugis on the array, and was mounted O,5A
above a flet, perfectly conducting surface, and its maximum
radiation was at 280.

Only N2 and NE extend the measurements to high angles
above the lobe maximum, and their lack of agreement can be
attributed to the declining accuracy of the measurements as
the balloon ascends, As most backsc.atter echoes at 16 lMc/s
arrive at angles below 300, the results are adequate for
the purpose of the present project,

Interest centres on the disagreements between the
curves below the maximum of the main lobe, NE and SE foll-
ow the v ,h,f, result fairly close'y, as the ground is fair-

ly level 1n those directions in t @ neighbourhood of the
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Fig.

13,

Vertical radiation pattern of 16 lic/s array.
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array. N1 agrees well with the v,h,f, result down to 50,
and the diminishing radiation below 3° is probably duec to
shadowing by the intervening hill (See Fig, 12}.

In contrast, N2 and W show enhancement of the pattern
between 10° and 4%°. This is thought to be due to focusing
of the ground-reflected rays in the concave mirror formed
by the creek, The western pattern will be discussed in
greater detail in a later section,

6.6 Correction for the Finite
Range of the Balloon

Owing to the finite range of the balloon from the arr-
ay, it is not always a good approximation to assume that the
rays from the pilot transmitter arriving at the array are
parallel, If the ground is flat, it is fairly casy to cal-
culate the error in the measurced pattern due to this ass-
umption, for various balloon ranges, T1his was done for the
case of a half-wave dipole at a height of O,5 A above the
ground, and assuming a ground reflection coefficient of -1,
The correction terms obtained should be sufficiently applic-
able to the vertical pattern of the array.

The geometry is shown in Fig, 14, It is seen that

tan & = E%A - tan A + AN /L,

Path difference between the direct and ground-reflected rays

15

™m

cos cos A

L {sec ¢« ~ sec A )
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= L sgc ©an. (tan A + A /L) - sec A}
Phase difference ¢ = 2 71 ¢ / N .,
Let the field at the array due to the direct ray = EO sinWw t
Then, for a reflection coefficient of -1,
field at the array due to the reflected ray = —EO sin(wt+¢@ ),

since the assumed dipole is isotropic in the vertical plane,

Total field E EO { sin Wt - sin (Wt + @ )}

2 E cos (wt + ¢ /2) sin (- ¢ /2),

o
i.e., the amplitude of the field varies as - sin ¢ /2,
i,e., E - sin md / N ,
o — sin-{%g { sec t:an_l (tan A + AN/L) - sec A}.
This amplitude was calculated on a computer for diff-
erent values of L/A from 15 to 1000, and for A wvarying

from 1° to 340. The results were plotted as a set of curves
of E {(in dB) against A (Fig, 15). The L/A = 1000 curve
was taken to be approximately the situation for parallel
rays, and it was found that the necessary correction to be
applied to the experimental results was greatest at low an-
gles of elevation, and negligible at the maximum of the
love, For L/A = 30, which is the case for measurements
N2, NE and SE, the correction was 0,7 dB at 100, 1.5 d3 at
50, and 3 dB at 2°. This correction was applied to the
measurced antenna patterns, In cases where the ground slopes
away from the array at an angle of, say, 20, the correction

normally applicable at 50, say, would apply at about 50.

o 3 !
As angles below 5 were not used in calculating the
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strengths of backscatter c¢choes, the correction is important
chiefly between 5° and 100.

To compare the magnitude of this correction with the
experimental accuracy, Fig. 16 shows the experimental points
obtained from the ballvoon flight SE ( L = 30,8 A ), as well
as the v.h,f, result referred to above, Also shown are two
curves from Fig, 15 , those calculated for L = 1000 N and L
= 30 AN, Above 150, the scatter of points about a mean is
Io0.5 dB, which is greater than the correction calculated
for L = 30 AN . Below 15° the experimental points, though
fewer, are probably more accurate, and the correction becom-
es significant compared to the experimental error,

The v.h,f, result illustratces the performance of a
typical Yagi under ideal conditions. Even when the experi-
mental points are corrected, they differ from the v, h,f,
result, becausc of the uneven ground and the slightly diff-
erent nominal height of the antennas,

6.7 Influencce of the Western
Ground Profilc

For the western pattern, the ground near the array is
so irregular that it was doubted whether a correction for
the finite rangce of the balloon as described above would
suffice, A calculation similar to thc above, but taking in-
to account the western ground profile, was carried out, The

geometry is shown in VFig, 17, The ground profile was spec-

ified in terms of x, y and a , and the figurc shows a ground-
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reflected ray, reflected at the point ( x, y ) where the
slope of the ground is G , Double reflections of the
ground ray were neglected, and the antenna pattern was cal-
culated for a horizontal dipole, A /2 above the ground, with
the ground range L equal to 2800 feet and 107 feet, repre-
senting the balloon flight W and the case for parallel rays
respectively,

The results are shown in Fig, 18, Curve (a) is the
pattern measured at a range of 2800 feet, and the dots den-
ote actual points measured, Curve (b) was calculated for a
flat earth and a range of 2800 feet, and also applies for
the western pattern down to 150, as the area of the ground
where reflection occurs is flat for the higher angles,
Curves (c¢) were calculated for the western ground profile
and indicate the pattern below 150, for a balloon range of
2800 feet, Curves (d) were calculated for the western pro-
file and a range of 107 feet, Discontinuities in curves (c)
and (d) were prominent, and where gaps were left in the
patterns they may be taken to be 6 dB, being the contribut-
ion of the direct ray only,

It appears from Fig. 18 that the correction for the
finite range of the balloon may be best achieved by raising
the pattern at 30 by about 30, similar to the way in which
curves (c) are raised to {d). The correction would be
smaller at higher angles,.

The method did not, however, give a very accurate
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ELEVATION ANGLE (DEGREES)

2 20 15 10 5
ANTENNA GAIN (dB)

Fige. 18, Antenna patterns for varlous ranges, west.
a Pattern measured witn balloon at 2300 ft.
b Pattern calculated for 2800 ft, flat earth.
c Pattern calculated for 28Q0 ft, western profile
d} Pattern calculated for 10" ft, western profile.
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picture of the vertical radiation pattern, even though it
sufficed to give an idea of the correction to be applied to
the measured pattern, It was possible to improve the cal-
culation of the pattern, provided parallel rays only were
considered. The improved calculation had four advantages
over the earlier method:

(1) The gain of the Yagi antenna at different angles in
free space (WILLIAMS, 1950, page 115) was tabulated in the
computer and used to modify the simple dipole result,
(i1) The ground profile was taken at smaller intervals of
range, and the slope at each point was calculated from the
adjacent heights,
(iii) The focusing of the ground ray due to the curvature of
the ground was taken into account,
(1iv) Where more than one reflected ray contributed to the
pattern at a given angle of elevation, all were added vect-
orially with the direct ray,

Fig. 19 shows the calculated pattern ( Curve (a) ),

with the points measured at 2800 feet plotted for compari-

o . . '

son, Above 16 the curve 1s due to the suwa of the direct
and reflected rays, Between 16° and 100, only the direct
ray 1is 1involved, At 10° the reflected ray reappears, in

such a phase that it strongly enhances the pattern, and at
o ,

8 & second reflected ray gives further enhancement, The
discontinuities involve jumps as large as 6 dB,

The discontinuities do not, however, appear in the
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g. 19, Antenna vatterns, west.
Dots represent pattern measurcd with bhalloon at 280C [t.
gag Pattern calculated for 2800 ft, western profile.
b ilost probable courrccted pattern.
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measured pattern, The measured curve is fairly smooth, and
even if ccrrected for the finite range of the balloon, would
sti1ll be a smooth curve, The fact that the discontinuities
do not appear in practice is probably due to a combination
of causes:

(1) The ground profile is not constant across the latcral
dimension of the antenna, The ground 100 feet on either
side of the assumed profile line will have a different pro-
file, and this is particularly important close to the array
at the edge of the levelled circle, where the rays contrib-
uting to the paivtern at about 16° are being reflected, The
actual pattern is therefore the average of a number of diff-
erent patterns, hence the obscrved smoothness of the measur-
ed pattern,
(11) Fresnel diffraction at an edge causcs appreciable ill-
umination in the shadow region, KNIGHT et al., (1964) showed
that calculated antenna patterns which cxhibited sharp dis-
continuities could be smoothed by taking the diffracted en-
ergy into consideration in the calculations, They were con-
cerned with relatively simple profiles, and it is doubtful
whether their treatment could be applied to the present
problem, but it does at least justify the smoothing of a
calculated pattern,

The curve (b) was taken as the most probable corrected
pattern,

The corrected patterns for both cast and west, as
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adopted for use in calculating relative backscatter coeff-

icients, are given in Fig, 20,

6.8 Summary

The vertical radiation patterns of the 16 Mc/s an-
tenna array at hoggill have been measured, using a new
method involving a4 balloon-borne transmitter with a rotat-
ing antenna, The patterns differ according to the azimuth-
al orientation of the array, and the differences have been
interpreted as due to the ground profiles between the array
and the pilot transmitter,

For fairly smooth grcund, the measured pattern can be
quite simply corrected for the finite range of the balloon.

For the western ground profile, the theorctical patt-
ern of the array is in general agreement with the measured
pattern, and contains discontinuities which can be explain-

ed away,
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Fig. 20, Corrected patterns adopted ffor use in calculating
relative backscatter coefficients.,
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7. BACKSCATTER RECORDS

7.1 Production of records

The various facilities of the 16 Mc/s backscatter
svunder have been described by THOMAS and McNICOL (1962,
In the present work, the sounder was operated with rectang-
ular pulses of 600 microseconds duration, a pulse repetition
frequency of 25 pulses per second, an; peak pulse power of
about 5 kW, The antennas were aimed in a fixed direction,
usually to the east or to the west,

The type cof data presentation was a rectangular range

—time display, with an amplitude sweep superimposed., The

basic range time display was formed in a similar way to a

type B presentation in radar (range——azimuth), but without
rotation of the antennas, Backscatter echoes to a range of
4500 km were displayed on an oscilloscope screen by bright-
ness— or blackout-modulation of the time-base trace, and
were recorded on film moving continuously past the trace at
1/2 inch per minute. Such a record enlarged three times 1is
illustrated in <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>